Deep RNA sequencing was used to simultaneously analyze vaccinia virus (VACV) and HeLa cell transcriptomes at progressive times following infection. VACV, the prototypic member of the poxvirus family, replicates in the cytoplasm and contains a double-stranded DNA genome with ≈200 closely spaced open reading frames (ORFs). The acquisition of a total of nearly 500 million short cDNA sequences allowed construction of temporal strand-specific maps of the entire VACV transcriptome at single-base resolution and analysis of over 14,000 host mRNAs. Before viral DNA replication, transcripts from 118 VACV ORFs were detected; after replication, transcripts from 93 additional ORFs were characterized. The high resolution permitted determination of the precise boundaries of many mRNAs including read-through transcripts and location of mRNA start sites and adjacent promoters. Temporal analysis revealed two clusters of early mRNAs that were synthesized in the presence of inhibitors of protein as well as DNA synthesis, indicating that they do not correspond to separate immediate-and delayed-early classes as defined for other DNA viruses. The proportion of viral RNAs reached 25-55% of the total at 4 h. This rapid change, resulting in a relative decrease of the vast majority of host mRNAs, can contribute to the profound shutdown of host protein synthesis and blunting of antiviral responses. At 2 h, however, a minority of cellular mRNAs was increased. The overrepresented functional categories of the up-regulated RNAs were NF-κB cascade, apoptosis, signal transduction, and ligand-mediated signaling, which likely represent the host response to invasion.
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human transcriptome | poxvirus transcriptome | RNA-seq | vaccinia virus mRNA | virus-host interaction V iral infections are frequently accompanied by the perturbation of cellular gene expression in addition to the activation of viral genes. The development of new DNA-sequencing technologies should allow the simultaneous high-resolution analysis of viral and cellular mRNAs from infected cells. Vaccinia virus (VACV), the prototypic member of the poxvirus family, provides an interesting system to test this powerful approach, as viral gene expression is temporally regulated and host protein synthesis is profoundly affected (1) . Poxviruses are large double-stranded DNA viruses with members that infect vertebrate or invertebrate species. Variola virus, the causative agent of smallpox, was eradicated from nature following human immunization with VACV, with which it has ≈90% sequence identity. In addition to serving as a vaccine against other poxviruses, VACV has been developed as a recombinant expression vector that has demonstrated utility for immunological studies in animals and as a platform for veterinary and human vaccines (2) .
The double-stranded VACV DNA genome is ≈200 kbp long with more than 200 closely spaced open reading frames (ORFs), of which 12 are present in inverted terminal repetitions and therefore diploid (1) . VACV transcription occurs in the cytoplasm and is regulated in a cascade fashion by stage-specific transcription factors that recognize distinct early, intermediate, and late promoter sequences (3) (4) (5) . RNA polymerase and early transcription factors are packaged in infectious virus particles, allowing synthesis of early mRNAs within minutes after infection. In contrast, synthesis of intermediate mRNAs requires de novo synthesis of viral early proteins and DNA; synthesis of late mRNAs additionally requires intermediate gene expression. Diminution of host protein synthesis follows infection, and a profound shutdown correlates with the onset of VACV late gene expression. Determination of the expression kinetics of numerous VACV genes has been carried out over the years by analysis of protein synthesis or Northern blotting of RNAs and in some cases refined by primer extension or nuclease digestion. Recently, VACV genome-wide transcription maps were constructed using tiling microarrays (6, 7) . In separate studies, microarrays were used to analyze cellular mRNAs following VACV infection (8, 9) . However, ultrahigh-throughput DNA sequencing promises genome-wide transcriptome analysis at higher resolution, greater sensitivity, and without problems due to background and the need for corrections related to GC content and efficiency of hybridization to short microarray probes.
A recent report describes mRNA sequencing of mimivirusinfected amoeba cells in which 633,346 reads were analyzed (10) . Here, we obtained almost 500 million short cDNA sequences for simultaneous temporal analysis of the VACV and cellular transcriptomes. Viral transcripts were detected at 0.5 h and 25-55% of the total mRNAs were virus-encoded at 4 h. These data allowed us to construct VACV genome-wide, strand-specific maps at single-base resolution as a function of time postinfection and to analyze over 14,000 cellular mRNAs.
Results
Deep Sequencing of Total Polyadenylated RNA from VACV-Infected Cells. HeLa cells were infected with purified VACV at a multiplicity sufficient to infect all cells (SI Materials and Methods). Total polyadenylated RNA was isolated at 0, 0.5, 1, 2, and 4 h postinfection in two independent experiments (WTA-A and WTA-B), and cDNAs were prepared and sequenced with an Applied Biosystems SOLiD analyzer. At each time about 40 million reads were obtained, of which approximately half could be aligned to the viral and human genomes (Table S1 ). There was a rapid increase in viral mRNA numbers and a gradual decrease in the majority of cellular mRNAs during a 4-h period ( Fig. S1 A and B) . In WTA-A, ≈25% of the sequence reads at 4 h were viral, whereas 55% were viral at that time in WTA-B To whom correspondence should be addressed. E-mail: bmoss@niaid.nih.gov.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1006594107/-/DCSupplemental (Fig. S1C) . This difference may be due to variation in the metabolic state of the cells or the efficiency of infection. In both experiments, however, the cDNA sequences complemented 97% of the nucleotides of each viral DNA strand at 4 h (Fig. S1D) . At 2 h, in the presence of cytosine arabinoside (AraC), an inhibitor of DNA replication, or cycloheximide (CHX), an inhibitor of mRNA translation, ≈60% of the VACV genome was transcribed, which was similar to the amount in the absence of inhibitors at 2 h (Fig. S1D) .
Genome-Wide VACV Transcriptome Map. The reads were aligned with the genome to construct single-base-resolution maps of the VACV transcriptome. The number of reads (counts) per nucleotide are displayed along with the annotated ORFs in Fig. 1 . Read counts above and below the line represent the abundance of the cDNAs prepared from mRNAs that are transcribed from the upper strand in the rightward direction and the lower strand in the leftward direction, respectively. Viral mRNAs were detected at 0.5 h and increased from 1 to 2 h, although the pattern remained unchanged. Up to 2 h, the majority of transcripts mapped near the ends of the genome, with those on the left predominantly on the lower strand and those on the right predominantly on the upper strand. However, at 4 h the transcription pattern drastically changed, correlating with the onset of DNA replication followed by late mRNA synthesis ( Fig. 1) .
No Evidence for a Delayed-Early Class of VACV Genes. Some viruses and phage have distinct immediate and delayed-early classes of genes that are expressed before DNA replication. In those cases, transcription of delayed-early genes is dependent on prior synthesis of a small number of immediate-early proteins. If this paradigm holds for VACV, then both classes of early mRNAs would be made in the presence of AraC, but only immediateearly mRNAs would be produced in the presence of CHX. However, the VACV genome-wide transcriptome patterns observed after infections with AraC and CHX were qualitatively similar ( Fig. 2) and indistinguishable from the pattern obtained at 2 h in the absence of drug (Fig. 1) . No genes expressed only or significantly more in the presence of AraC than CHX were identified in side-by-side comparisons (Fig. S2 ), indicating all VACV early genes could be classified as immediate-early. Some RNAs were more abundant in the presence of CHX than AraC (Fig. S2 ), perhaps because they were particularly sensitive to degradation induced by an early protein(s) encoded by VACV, such as the VACV early decapping enzyme D9 (11).
Analysis of Reads That Mapped to a Well-Characterized 16-kbp Genome
Segment. The transcripts of relatively few clusters of VACV genes have been mapped in detail by high-resolution methods such as primer extension and nuclease protection. An exception are the 13 ORFs in the HindIII D fragment (12, 13) . To assess the accuracy of the transcriptional map obtained by deep RNA sequencing, we compared the present data with those previously obtained for the HindIII D transcripts. In the presence of AraC, transcripts aligned to the D1R, D4R, D5R, D7R, D9R, and D12L ORFs (Fig. 3A) . Reads complementary to the entire length of the ORF were obtained in each case, although the read counts per nucleotide were not uniform. In contrast, there were no or very few reads aligned to D2L, D3R, D8L, and D13L in the presence of AraC. Even though there were sequences corresponding to D6R, D10R, and D11L in the presence of AraC, those reads only covered the region immediately adjacent to the 3′ ends of highly expressed upstream early genes, suggesting that they are readthrough transcripts. RNAs corresponding to D2L, D3R, D8L, and D13L as well as the entire D6R, D10R, and D11L ORFs were abundant at 4 h in the absence of AraC (Fig. 3A) . Thus, we classified D1R, D4R, D5R, D7R, D9R, and D12L as early and D2L, D3R, D6R, D8L, D10R, and D11L as postreplicative (PR). These results match previous characterization of this region by conventional molecular methods.
The large number of short sequence reads allowed us to zoom to single-base resolution. Fig. 3B shows the agreement obtained by superimposing the RNA start sites preceding the D1R ORF determined by primer extension (12) over the deep RNA sequencing map in the presence of AraC (Fig. 3B ). Agreements were also obtained by comparing the transcriptome map with the previously determined start sites for the D4R, D7R, D9R, and D12L ORFs (See below). The accord with previous mapping of individual early transcripts in the HindIII D region provided confidence for the deep RNA sequencing method for the entire genome.
Cluster Analysis of VACV Gene Expression. Cluster analysis was performed by an unbiased hierarchical method to identify temporal classes of viral RNAs. The read counts of the VACV ORFs at each time point in WTA-A and WTA-B are listed in Table S2 . An initial heat map revealed two major clusters (Fig. S3) . Major cluster 1 contained 131 ORFs, including most of those previously characterized as early; major cluster 2 contained 80 ORFs, including most of those previously characterized as intermediate and late. However, cluster 1 also contained the ORFs D6R, D10R, and D11L in the HindIII D fragment that exhibited readthrough from an upstream early gene in the presence of AraC. To identify additional read-through RNAs, the transcription pattern of each ORF was carefully examined. Thirteen ORFs in major cluster 1 (Table S3) were designated as read-through and classified as PR, because in each case the count coverage at the 5′ end of the ORF was continuous from upstream but there were no or few counts mapping to the 3′ end of the ORF in the presence of AraC, whereas each was highly expressed at 4 h in the absence of drug. After removing the ORFs that appeared to contain read-through RNAs, the cluster analysis was repeated. The refined heat map is shown in Fig. 4A .
Cluster 1 was resolved into two subclusters, C1.1 and C1.2. RNAs of C1.1 were expressed earlier and at higher levels than those of C1.2, as seen in the heat map (Fig. 4A ) and line plot (Fig.  4B) . Nevertheless, C1.1 and C1.2 both contain early genes that are expressed in the presence of CHX as well as AraC, so that the distinction is solely based on temporal expression. We refer to the RNAs in the C1.1 and C1.2 subclusters as E1.1 and E1.2. The PR RNAs in cluster 2 could also be grouped into subclusters; however, these did not segregate the previously characterized intermediate and late RNAs. The corresponding line plot of C2 (omitting the "false-positive" read-through ORFs) is shown in Fig. 4B . The expression-class assignments of individual ORFs are listed in Table S4 with a comparison with previous results.
Most of the E1.1 and E1.2 genes are located at the right terminus of the upper strand and left terminus of the lower strand of the ORF map (Fig. 4C) . The central region of the genome also contains some E1.2 genes and fewer E1.1 genes. The PR genes (cluster C2) are mainly in the central region, with predominance on the lower strand. In Fig. 4D , the genes encoding E1.1, E1.2, and PR RNAs were grouped into functional categories based on literature annotations or listed as "unknown" if no information was available. The genes encoding proteins for transcription were predominantly E1.2 and PR, whereas the genes encoding enzymes and factors for genome replication, which precedes intermediate and late gene expression, were mostly E1.1 and E1.2. An exception was the gene encoding the nuclease that resolves DNA concatemers, which is expressed late (14) . The genes encoding proteins involved in host interactions were predominantly in E1.1 and E1.2, and most of the virion components were in the PR class.
Analysis of the 5′ Ends of VACV Transcripts and Prediction of
Promoter Motifs. As shown in Fig. 3B , the 5′ end of a transcript could be discerned by zooming to single-nucleotide resolution. In the same manner, we could align the 5′ ends of 83 of the 118 early RNAs of which only 19 had been previously mapped to individual nt (Table S5 ). Overlapping of upstream RNAs prevented the identification of the start sites of other early and PR RNAs. The distance from the RNA start to the initiation codon of the ORF varied from 1 to 320 nt, indicating a mean length of 40 nt for RNA untranslated leaders, excluding several RNAs with start sites that mapped within the annotated ORFs. The RNA start sites for VACWR061 and VACWR174 were 27 and 64 nt, respectively, downstream of the predicted AUG initiation codon. However, in each case, we noted a second AUG codon several nt downstream of the newly determined transcriptional start sites. Furthermore, the second AUG of both ORFs is conserved in all orthopoxviruses, whereas the first is conserved in only a subset. For VACWR046, the RNA start site was mapped 2 nt downstream of the start of the annotated ORF. In this case, there is a more highly conserved AUG start codon 11 nt downstream, again suggesting that the actual ORF is shorter than annotated. Although the VACWR101 ORF is expressed late in VACV infection (15, 16) , we detected an early RNA start site within the middle of the ORF (Table S5) , confirming a previous report (17) . There are two conserved AUG sequences near the RNA start site within the VACWR101 ORF: The one 3 nt upstream would result in a protein of 102 amino acids; the other is downstream and would result in a 73-amino acid protein.
In addition to confirming or revising ORF annotations, determination of the RNA start sites allowed us to locate the core promoter regions of early genes. We used the motif discovery program MEME (18) to analyze the 50 bp upstream of the 83 RNA start sites. The program derived a 15-nt consensus sequence (AAAA-TGAAAA-A; Fig. S4 ) which closely corresponded to the core promoter originally described (4). The degree to which each predicted promoter matched the consensus is shown in Table  S5 . Overall, the promoters from the E1.1 ORFs were closer to the consensus than those from E1.2, although the P value of 0.11 obtained by the two-tailed Student's t test was not highly significant.
Cellular Transcriptome Profile Following VACV Infection. Cellular reads, obtained at the same time as the viral reads, were aligned to the RefSeq database (National Center for Biotechnology Information). RNAs corresponding to more than 50% of the 14,000 genes analyzed were relatively decreased at 4 h in experiment WTA-A, whereas >75% were decreased in WTA-B. In contrast, fewer host mRNAs were increased. At 2 h, before the massive down-regulation of cell mRNAs and viral late gene expression, 119 genes that were increased 2-fold or more in both WTA-A and WTA-B were sorted into functional groups using the PANTHER biological process classification system. The observed number of genes versus the numbers expected by chance within a certain annotation group was determined. Overrepresented categories or subcategories with P values less than 0.05 were NF-κB cascade, apoptosis, inhibition of apoptosis, signal transduction, and ligand-mediated signaling (Fig. 5B) . At 4 h, the only statistically significant overrepresented category was chromatin packaging and remodeling.
Discussion
Analysis of the VACV transcriptome is complicated by the close packing of genes and is exacerbated by the occurrence of mRNAs that read through downstream ORFs. Termination of early transcripts is signaled by the RNA sequence UUUUUNU, in which N represents any nucleotide (19, 20) . The efficiency of termination is ≈80% after a single termination motif (21) ; although some transcripts have multiple termination signals, most have one, others none, and in some, UUUUUNU is unrecognized because of secondary structure (22) . Accordingly, RNA polymerase may continue to transcribe downstream ORFs until encountering functional termination sequences. If two early genes were adjacent, then the read-through would not impact gene classification. However, if the transcript of an early gene overlaps an adjacent late gene, then the latter could be misclassified as early. The high resolution provided by deep RNA sequencing allowed us to discern 13 ORFs that were partially overlapped by read-through transcripts made in the presence of AraC and were grouped with the early class by cluster analysis (Table S3 ). The absent or very low sequence reads mapping to the 3′ ends of these ORFs indicated that they are not true early genes, which was supported by their complete transcription at 4 h in the absence of AraC. In addition, we suspect that a few very short ORFs with relatively high level counts in the presence of AraC may be completely overlapped by read-through transcripts and therefore difficult to classify. After correcting for the read-through transcripts, we concluded that 118 early genes were expressed in the absence of (Table S3) DNA replication. Also noted were some small antisense transcripts, the significance of which remains to be determined.
Temporal analyses indicated that the early genes formed two subclusters, which differed slightly when two independent experiments were analyzed separately. Importantly, the RNA species within the two early subclusters were synthesized in the presence of CHX, an inhibitor of protein synthesis, as well as AraC, indicating they do not comprise separate immediate-and delayed-early classes as defined for other DNA viruses and phage (23) (24) (25) . In those other systems, immediate-early RNAs are made in the absence of de novo protein synthesis, whereas delayed-early RNAs are dependent on synthesis of one or a few immediate-early proteins. Indeed, based on such a classification, all VACV early transcripts belong to the immediate class, as previously proposed (26) . Similar although not identical early clusters were found by tiling array (7), but expression in the presence of CHX was not investigated in that study and the important distinction between immediate-and delayed-early gene expression was not made. To preclude misinterpretation, we avoid the immediate-and delayed-early terminology and refer to two temporal early classes (E1.1 and E1.2) of VACV mRNAs. The E1.1 and E1.2 genes were not distinct with regard to their functional class; for example, members of both are involved in transcription, DNA replication, and host interactions, and they are interspersed within the genome. However, the predicted core promoter motifs of the E1.1 genes more closely corresponded to the consensus than did those of E1.2, although the difference was not statistically highly significant. Some possibilities to account for their different kinetics include higher-affinity transcription factor binding sites for E1.1 promoters, other DNA-protein interactions, and DNA packing within the core.
It is more difficult to map PR transcripts than early mRNAs, as the early termination motif is not recognized despite its frequent presence and consequently they are heterogeneous in length and overlap adjacent ORFs (27, 28) . Indeed, at 4 h, we found that the RNA sequences covered both DNA strands nearly in their entirety, consistent with the annealing of late RNA to form long duplex structures (29) . For this reason, we did not analyze mRNAs at later times. Our classification of 93 PR genes was based on the kinetics of expression and dependence on DNA replication. We recognize two limitations of this analysis. First, with only one time point following DNA replication, we could not distinguish intermediate-and late-class RNAs. Second, because some genes have early and late or early and intermediate promoters (30, 31) , these would be classified as early in our study. We intend to rectify the first ambiguity by further experiments with a VACV mutant defective in late gene expression (32) and by detailed kinetic analysis following the synchronization of VACV DNA replication. In addition, sequence analysis of the capped ends of VACV mRNAs should allow identification of distinct RNA start sites when tandem promoters precede an ORF. Table S4 shows that the deep sequencing identification of early and PR genes agreed with 145 of 151 literature annotations, with the caveat that we did not distinguish between genes with intermediate and late promoters or genes with intermediate or late in addition to early promoters; using the same criteria, the agreement was 122 of 140 (7) and 86 of 149 (6) in the previous microarray studies. Some of the differences were due to read-through transcription (Table S3 ) and sensitivity of RNA detection (Table S4) .
Another notable aspect of this study was the determination of the 5′ boundaries of a large number of early transcripts, which allowed us to confirm the annotation of many ORFs and to correct others. The distance between 5′ boundaries of early RNA and the first AUG codon varied considerably, with a mean value of 40 nt. Localization of the 5′ ends of 83 mRNAs also allowed the prediction of their critical core promoter region. As there is no evidence for enhancer elements, it is likely that the level and perhaps timing of early gene expression is regulated by the promoter sequence.
Several previous studies provided evidence for relative or absolute decreases in cellular mRNA following VACV infection. Thus, by 7 h after high-multiplicity infection of HeLa cells with VACV, 80-90% of the RNA hybridized to VACV DNA (33) . Recent microarray studies also found decreases in host mRNAs after infection of A549 cells with rabbitpox virus (9) and HeLa cells with VACV (8) . We noted a rapid increase in the proportion of VACV mRNAs by direct sequencing, that is, 25-55% viral at 4 h. Because the amount of polyadenylated RNA recovered was similar between 0 and 4 h, the change in proportion of RNA is due to a combination of host RNA degradation accompanied by robust synthesis of viral RNA. The rapid decrease in thousands of cellular mRNAs indicates a global mechanism. Good candidates for regulating this process are the two VACVencoded decapping enzymes, one with an early promoter and the other with a late promoter (11, 34) . Deletion of the gene encoding the latter enzyme resulted in increased stability of both cellular and early viral mRNAs accompanied by a 10-fold reduction in the yield of progeny virus (35) . Degradation of cellular mRNA can benefit VACV by blunting cellular antiviral responses and removing competition for the translation machinery. Analysis of individual host mRNAs, however, indicated The up-regulated genes were analyzed in DAVID 6.7β (SI Materials and Methods), and the PANTHER biological process terms with a P value < 0.05 were chosen and displayed. The percentages of the genes of total up-regulated genes in overrepresented categories are shown at 2 h. Up-regulated genes are: NF-κB cascade: CARD9, LIF, NF-KB2, TNFRSF21, RELB; apoptosis: RELT, CARD9, CXCR4, EMP1, LIF, NFKB2, SPHK1, TNFRSF10D, TNFRSF21, RELB; inhibition of apoptosis: RELT, LIF, NFKB2, SPHK1, RELB; signal transduction: EPHA8, GPR3, GPR87, RELT, S100A13, STARD13, ARMC5, CAPN2, CLCF1, CARD9, CXCR4, DGKD, DOK3, EGFR, GJB3, GNRH1, HBEGF, IL1RAP, IRAK2, JUN, KALRN, LIF, NFKB2, PLG2G16, PTPRH, SLC1A5, SPHK1, TNFRSF10D, TNFRSF21, UCN2, RELB; and ligand-mediated signaling: GPR3, CLCF1, GNRH1, HBEGF, SLC1A5, UCN2, LIF.
that a small subset of mRNAs showed an increase in relative amount. At 2 h, before the massive reduction in cellular mRNAs, the overrepresented functional categories of the up-regulated RNAs were NF-κB cascade, apoptosis, inhibition of apoptosis, signal transduction, and ligand-mediated signaling. The inhibition of apoptosis is a subcategory of apoptosis, suggesting that up-regulation of the genes inhibiting apoptosis was more notable than those inducing apoptosis. It seems likely that relative increases of these mRNAs represent a response of the host to a viral invader. At 4 h, the only overrepresented category was chromatin packaging and assembly, containing several histone mRNAs even though they should lack poly(A) tails as also observed in microarray studies of rabbitpox virus infection of A549 cells (9) , and modified vaccinia virus infection of HeLa cells (36) .
In summary, this study demonstrates the power of deep RNA sequencing to analyze virus-host interactions and viral transcriptomes in a more comprehensive way than achievable by previous methodologies. It will be interesting to apply this technology to infection of different cell types including resting cells and with other cytolytic and noncytolytic viruses.
Materials and Methods
Preparation of mRNA. Polyadenylated mRNA was isolated from VACVinfected cells by two rounds of selection with the Dynabeads mRNA Direct Kit (Invitrogen).
Generation of Whole-Transcriptome cDNA Library and SOLiD Sequencing. The strand-specific cDNA library was generated with the Whole Transcriptome Analysis Kit from Ambion using either adaptor mix A or B. The DNA library was sequenced with the Applied Biosystems SOLiD 3 system with 50-bp reads following the manufacturer's recommendations. The cDNA sequences were deposited in the Sequence Read Archive (SRA) of the National Library of Medicine under study and submission accession No. SRP002493 and No. SRA 017695, respectively.
Visualization of the VACV Transcriptome. VACV reads covering each base and VACV genome annotation were visualized with Mochiview (http://johnsonlab.ucsf.edu/sj/mochiview-software).
Cluster Analysis of Viral Gene Expression. Cluster analysis was performed with Genespring 11 (Agilent Technologies) using the hierarchical method and Chebychev metric.
